Abstract
bin (center peaks). The shift-predicted CCG was subtracted from the raw CCG to obtain the 1 9 9
shift-corrected CCG. The height and width of the center peaks of shift-corrected CCGs were 2 0 0 then quantified. The heights were log transformed when performing statistical analyses. Because spikes were sorted using the signals recorded from five consecutive probes and because 2 0 2 the method cannot separate spikes that occur within 0.2 ms, the spike counts in the 0-ms bin (± 2 0 3 0.5 ms) of the raw CCG for paired neurons recorded from the same or nearby probes (< five Fisher transformed when performing statistical tests. Visually responsive neurons (P < 0.01,
Kruskal-Wallis test) were selected for the signal correlation and noise correlation analyses.
1 6
To analyze the activity of neuronal populations, population spike trains were 1-ms bins (see Fig. 4A ). If two or more neurons emit spikes in a 1-ms bin, the bin takes a value 2 1 9 larger than one; for example, if three neurons fire in a bin, the value of the bin is three. To CCG-peak detection, where it was set at 0.0001. Effect sizes for non-parametric data (r) were
calculated with the formula
where Z and N represent the z-transformed Mann-Whitney U-test statistic and the number of samples, respectively. Effect sizes for chi-square tests (Cramer's V) were calculated with the the effect size was set at 0.1. Thus, differences among populations were regarded as significant 2 4 3 if the P value was less than 0.01 and the effect size was larger than 0.1 (Cohen, 1988) .
Statistical testing was performed using MATLAB (The MathWorks, MA) and provided exact p-values except for the test for the similarity of two independent correlation coefficients that was performed using a statistical software R (https://www.r-project.org) with the 'psych' Comparisons of cross-correlated spiking activity among IT, V4, and V1 neuron pairs
Correlations between the spiking activities of single-neuron pairs at the millisecond scale were with those of shift-predicted CCGs within ± 10.5 ms (P < 0.0001, binomial test). The center 2 6 1 peak incidence for the CCGs was 14% for IT pairs (298/2,082), 10% for V4 pairs (186/1,797), , effect size = 0.14, chi-square test). Thus, each cortical area had a unique degree of 2 6 4 spiking-activity correlation at the millisecond scale, and the incidence of correlated neuron pairs 2 6 5 changed systematically along the cortical hierarchy.
Width of CCG peaks also differed systematically along the cortical hierarchy. Visual Signal and noise correlations across the three brain regions were used to examine the neurons, and 107 V1 neurons) were used for the analysis, yielding 1,291 IT pairs, 759 V4 pairs,
and 1,014 V1 pairs.
The median signal correlation was positive in all the three cortical areas (IT, 0.070; The median noise correlations were also positive (IT, 0.020; V4, 0.015; V1, 0.007; noise correlation and V1 pairs had the lowest noise correlation. Relationship between CCG-peak height and signal correlation or noise correlation
Analysis revealed that CCG-peak height correlated positively with signal correlation inputs, they tended to share stimulus preferences. However, the degree of correlation differed 3 4 0 depending on the region. V1 pairs exhibited lower correlation than pairs in other areas (V1-IT, P 3 4 1 < 0.01; V1-V4, P < 0.01; V4-IT, P = 0.12, test for the similarity of two independent correlation 3 4 2 coefficients; Fig. 3D ), meaning that the relationship between the organization of common inputs finding that signal correlation did not differ among cortical areas, despite the differences in the incidences of CCG peaks among cortical areas. ; test for independence; Fig. 3E-G) . Again, the degree of correlation than pairs in other areas (IT-V4, P < 0.01; IT-V1, P < 0.01; V4-V1, P = 0.01; Fig. 3H ). These in trial-to-trial response fluctuations differed among cortical areas. Relationships between single-neuron and population-neuron activities
Although significant correlations between the spiking-activities of paired single 3 5 9
neurons were observed in all three cortical areas, they were generally weak; i.e., low incidences between single-neuron and population-neuron activities were calculated to examine this issue. For each single-population correlation, the population-neuron activity was constructed from the
activity of all the other simultaneously recorded neurons (see Methods for details; Fig. 4A ).
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Population-neuron CCGs were generated by cross-correlating single-neuron spike trains with other simultaneously recorded neurons. The center-peak incidences in the population-neuron
CCGs were 79% for IT neurons (149/189), 80% for V4 neurons (119/149), and 58% for V1 relationship between single-neuron spiking activity and the activity of adjacent neurons as a population is stronger than that between pairs of single neurons. The center-peak incidence in
population-neuron CCGs differed across the three cortical areas (P = 2.4×10 −6 , effect size = 0.43,
chi-square test), indicating that the relationship between single-neuron and population-neuron activities differed among cortical areas; i.e., the correlations between single-neuron and population-neuron spiking activities were weaker in V1 than in V4 or IT. Mann-Whitney U-test; see Fig. 2D ). These results suggest that single-neuron responses are V4-V1), whereas population-neuron noise correlation did (P = 8.9×10 −10 , Kruskal-Wallis test;
effect size, 0.18 for IT-V4, 0.40 for IT-V1, 0.27 for V4-V1). Next, analyses examined whether single/population pairs with higher peaks in 4 0 0 population-neuron CCGs tended to show higher population-neuron signal and noise correlations. and population-neuron noise correlation did not differ among cortical areas (IT-V4, P = 0.99;
IT-V1, P = 0.02; V4-V1, P = 0.04). The present study aimed to clarify whether the structures of spiking-activity correlations differ Each cortical area has unique local neuronal circuitry
The incidence of center peaks in the CCGs differed among cortical areas, with IT emitted spikes in a limited range (500-12,000 spikes) confirmed the result, i.e., center-peak 4 2 9
incidence was highest for IT pairs (13.8%, 266/1,924), in-between for V4 pairs (10.0%, peaks were compared only using neurons that were separated by more than five probes, and thus 4 3 6
did not suffer from the spike-overlapping problem. This analysis confirmed the result; i.e., the 4 3 7
center-peak incidence in CCGs were highest for IT pairs (7.5%, 105/1,399), in-between for V4 incidence of center peaks in CCGs can be concluded to differ among the three cortical areas. et al., 1993; Saleem et al., 1993; Elston et al., 1999; Tanigawa et al., 2005) . These stronger relationship between CCG-peak height and signal correlations. combinations. Currently, the factors that contribute to the difference are unknown.
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From the present results, each cortical area can be inferred to have unique neural 
